Park HJ, Link MS, Noujaim SF, Galper JB. Increased inducibility of ventricular tachycardia and decreased heart rate variability in a mouse model for type 1 diabetes: effect of pravastatin. Am J Physiol Heart Circ Physiol 305: H1807-H1816, 2013. First published October 25, 2013; doi:10.1152/ajpheart.00979.2012.-Although a reduction in the high-frequency (HF) component of heart rate variability (HRV) is a major complication of diabetes and a risk factor for sudden death, its relationship to ventricular tachycardia (VT) is unknown. We developed a mouse model for the study of VT and its relationship to changes in HRV in the Akita type 1 diabetic mouse. Programmed ventricular stimulation of anesthetized mice demonstrated that Akita mice were more inducible for VT compared with wild-type mice: 78.6% versus 28.6% (P ϭ 0.007). Optical mapping of perfused hearts demonstrated multifocal breakthroughs that occasionally gave rise to short-lived rotors consistent with focal initiation and maintenance of VT. Treatment of Akita mice with pravastatin, which had been previously shown clinically to decrease ventricular ectopy and to increase HRV, decreased the inducibility of VT: 36.8% compared with 75.0% with placebo treatment (P ϭ 0.022). The HF fraction of HRV was reduced in Akita mice (48.6 Ϯ 5.2% vs. 70.9 Ϯ 4.8% in wild-type mice, P ϭ 0.005) and was increased compared with placebo treatment in pravastatin-treated mice. Pretreatment of Akita mice with the muscarinic agonist carbamylcholine or the ␤-adrenergic receptor blocker propranolol decreased the inducibility of VT (P ϭ 0.001). In conclusion, the increased inducibility of focally initiated VT and reduced HF fraction in Akita mice were partially reversed by both pravastatin treatment and pharmacologic reversal of parasympathetic dysfunction. In this new animal model for the study of the pathogenesis of VT in type 1 diabetes, pravastatin may play a role in the prevention of VT by attenuating parasympathetic dysfunction. type 1 diabetes; ventricular tachycardia; statins; secondary effects of diabetes ALTHOUGH DIABETES MELLITUS is associated with an increase in cardiovascular mortality and sudden death (11), its relationship to ventricular tachycardia (VT) is not known. Risk factors for sudden death include clinical manifestations of parasympathetic dysfunction, such as a decreased high-frequency (HF), predominantly parasympathetic, component of heart rate (HR) variability (HRV) and increased dispersion of QT intervals (25, 27) . Furthermore, analysis of HRV in a group of patients with a history of nonsustained VT demonstrated a reduction in parasympathetic activity in conjunction with an increase in sympathetic activity before the onset of nonsustained VT, further supporting the relationship between decreased parasympathetic tone and the development of arrhythmia (21). Patients with diabetes for 10 yr have an impaired response of the heart to parasympathetic stimulation characterized by a reduction in the HF component of HRV. The increase in the incidence of sudden death in diabetics has been associated, at least in part, with a decrease in parasympathetic responsiveness of the heart (1, 5). Finally, a study (32) of type 1 diabetics who died suddenly in their sleep ("dead in bed syndrome") suggested that HRV analysis of diabetic patients who lacked clinical evidence of autonomic neuropathy often demonstrated decreased parasympathetic tone. Conversely, a study (26) in a canine model for myocardial infarction and arrhythmias suggested that parasympathetic stimulation was protective against ventricular arrhythmias.
a history of nonsustained VT demonstrated a reduction in parasympathetic activity in conjunction with an increase in sympathetic activity before the onset of nonsustained VT, further supporting the relationship between decreased parasympathetic tone and the development of arrhythmia (21) . Patients with diabetes for 10 yr have an impaired response of the heart to parasympathetic stimulation characterized by a reduction in the HF component of HRV. The increase in the incidence of sudden death in diabetics has been associated, at least in part, with a decrease in parasympathetic responsiveness of the heart (1, 5) . Finally, a study (32) of type 1 diabetics who died suddenly in their sleep ("dead in bed syndrome") suggested that HRV analysis of diabetic patients who lacked clinical evidence of autonomic neuropathy often demonstrated decreased parasympathetic tone. Conversely, a study (26) in a canine model for myocardial infarction and arrhythmias suggested that parasympathetic stimulation was protective against ventricular arrhythmias.
The inducibility of VT in response to programmed ventricular stimulation has been associated with a predisposition to ventricular arrhythmias. The Multicenter Unsustained Tachycardia Trial was designed to evaluate the use of programmed ventricular stimulation to determine the efficacy of antiarrhythmic drug therapy in reducing the incidence of sudden death from arrhythmia in patients with coronary disease. This study (7) concluded that patients studied at least 6 wk after myocardial infarction, in whom sustained ventricular arrhythmias could not be induced, had a significantly lower risk of sudden death or cardiac arrest. In mice, Maguire et al. (19) used programmed ventricular stimulation using single, double, and triple extrastimulation techniques and burst pacing to stimulate VT. Thirty percent of mice studied were induced to VT with a mean duration of 1.6 s and a maximum of 24 s. The inducibility differed between strains and age and correlated best with a ventricular effective refractory period (VERP) of 44 Ϯ 12 ms in inducible mice and 61 Ϯ 16 ms in noninducible mice (19) . Bursts of polymorphic VT have been demonstrated after programmed ventricular stimulation in a mouse model for hypertrophic cardiomyopathy in either the presence or absence of isoproterenol (4) . A number of studies in mouse and rat models of chemically induced diabetes or diabetic db/db mice have demonstrated that rosiglitazone might play a therapeutic role in modifying infarct size and postreperfusion arrhythmias after ischemia and reperfusion (22) , most often in Langendorfperfused hearts (33) . However, there is currently no established mouse model for the study of arrhythmogenesis as a complication of diabetes.
The Akita mouse is characterized by a point mutation in the proinsulin gene that interferes with insulin processing. This mouse demonstrates markedly decreased serum insulin levels, hypoplastic islets, islet cell destruction, and decreased pancreatic ␤-cells (17) . The heterozygous Akita mice used in this study survive for up to a year and develop secondary effects of diabetes. We (23) have previously demonstrated that Akita mice exhibit marked parasympathetic dysfunction as determined by a blunting of the negative chronotropic response to the acetylcholine analog carbamylcholine. However, unlike HRV, the clinical significance of a decreased HR response to parasympathetic stimulation is less well established.
Here, we used programmed ventricular stimulation of the Akita mouse to determine whether type 1 diabetes was associated with a predisposition to VT. We used optical mapping of Langendorfperfused hearts to determine the mechanism of initiation and propagation of VT in these mice. We further analyzed HRV in ECG recordings from these mice to determine whether an increased inducibility of VT was associated with a decrease in the HF fraction of HRV. Finally, retrospective studies (12, 16, 20, 28) have suggested that statins might exert an antiarrhythmic effect on the heart, whereas our data demonstrated decreased ventricular ectopy and increased parasympathetic activity as measured by an increase in the HF fraction in patients treated with pravastatin (30) . Based on these findings, we determined whether pravastatin treatment of Akita mice attenuates the inducibility of VT and parasympathetic dysfunction and whether pharmacologically altering the balance between sympathetic and parasympathetic input to the heart mimicked the effect of pravastatin on the inducibility of VT in this mouse model.
MATERIALS AND METHODS

Animals
Akita type 1 diabetic mice (C57BL/6J-Ins2 Akita ) were obtained from Jackson Laboratories. The Akita mice used in this study demonstrated marked hyperglycemia (500 Ϯ 28 mg/dl), and body weight was significantly lower in Akita mice compared with wild-type (WT) mice (Table 1) . We (23) have previously demonstrated that there are no significant differences in electrolytes, acid-base balance, or left ventricular function between WT and Akita mice. In the present study, six protocols were undertaken. In the first protocol, the surface ECG and inducibility of VT were compared between 14 heterozygous male Akita C57BL/6J-Ins2 Akita mice and 14 WT C57BL/6J male mice at the ages indicated (Table 1 ). In the second protocol, a set of similarage Akita mice were randomized to normal saline (n ϭ 16 mice) or pravastatin (20 mg·kg Ϫ1 ·day Ϫ1 ip, n ϭ 19 mice) treatment for 7 days, and the inducibility of VT was determined. In the third protocol, HR was determined using implantable ECG transmitters in conscious active WT (n ϭ 9) and Akita (n ϭ 8) mice, and the HF fraction of the power spectrum was determined as previousy described. In the fourth protocol, Akita mice were randomized to normal saline (n ϭ 10 mice) or pravastatin (20 mg·kg Ϫ1 ·day Ϫ1 ip, n ϭ 10 mice) as previously described, and HRV was compared. In the fifth protocol, the surface ECG and inducibility of VT were compared between a group of Akita C57B/6J-Ins2
Akita male mice randomized to pretreatment with 50 g/kg carbamylcholine (n ϭ 8 mice) or normal saline (8 mice) intraperitoneally 10 min before the study. Finally, the surface ECG and inducibility of VT in Akita mice (n ϭ 4) were determined before and after treatment with 1 mg/kg propranolol. All animal protocols conformed with the Association for the Assessment and Accreditation of Laboratory Animal Care, with approvals from the Institutional Animal Care and Use Committee of Tufts Medical Center and Tufts University. Pravastatin was a gift of Bristol-Myers Squibb (Hopewell, NJ).
Intracardiac Electrophysiological Experiments
Mice were anesthetized with isoflurane (2% or 2.5%) in oxygen. A surface frontal plane ECG was obtained using 29-gauge electrodes placed subcutaneously in each limb. The right external jugular vein was exposed, and a 1.1-Fr electrophysiology octapolar catheter (EPR-800, Millar Instruments, Houston, TX) was inserted and advanced to the right ventricle using intracardiac electrogram guidance and pacing capture at low threshold to verify the intracardiac position.
Surface ECG and intracardiac electrogram recordings from mice at 12 Ϯ 1 wk of age were sampled at 2,000 Hz using a PL3504 PowerLab 4/35 (ADInstruments). Surface ECG recordings were filtered at 0.01-100 Hz, and intracardiac electrogram recordings were filtered at 30 -500 Hz. With the use of LabChart 7 (AD Instruments), all surface ECG measurements [cycle length (CL) and PR, QRS, and QT intervals] were performed with online calipers. QT was corrected to HR as follows: QT c ϭ QT/ ͙ ͑RR⁄100͒ (6).
The stimulation protocol was performed using the FE180 Stimulus Isolator (AD Instruments) connected to the intracardiac octapolar catheter. VERP was determined using an eight-beat pacing drive train at 100 ms (VERP 100) followed by single extrastimulation. Atrial and ventricular programmed stimulation consisted of a drive train of eight beats at 100 ms with up to three premature extrastimuli at progressively shorter CLs until refractoriness. Programmed stimulation was repeated at drive trains of 90 and 80 ms followed by burst stimulation for 5-10 s at three different intervals of 70, 60, and 50 ms. VT was defined as greater than or equal to four beats.
Optical Mapping
Akita and WT mice (2-6 mo old) were heparinized (0.5 U/g ip) and then anesthetized with a ketamine (1 g/ml) and xylazine (100 mg/ml) mixture injected intraperitoneally. The heart was rapidly excised through a thoracotomy and subsequently connected to a Langendorf perfusion system to be continuously perfused with warm oxygenated Tyrode solution (pH 7.4) with HEPES buffer bubbled with 100% O 2. The temperature of the perfusate was maintained at 36 Ϯ 1°C. The heart was placed in the well of a custom-made chamber maintained at 36 Ϯ 1°C and allowed to equilibrate for 10 min. The potentiometric dye di-4-ANEPPS (Molecular Probes) was added to the perfusate as a bolus to achieve a final concentration of 10 mol/l. To minimize signal distortion due to motion, excitation-contraction uncoupling was achieved with 5 M blebbistatin (Cayman Chemicals). The excitation incident light was generated from an LED chip (Prizmatix) coupled to a 520 Ϯ 40-nm band-pass filter (ThorLabs), and the emitted light was collected with a C-mount 25-mm fast video lens (Navitar), filtered with a 600-nm long-pass filter (ThorLabs), and focused onto the charge-coupled device chip of the recording camera (RedShirt Imaging) at 80 ϫ 80 pixels and 85 m/pixel. Fluorescence movies were acquired at 1 kHz. Fluorescent movie snapshots, phase movie snapshots, and pseudo-ECGs were generated as previously described (8) using custom-built software courtesy of the Jalife Lab (University of Michigan) running on the PV Wave platform. An octapolar pacing electrode was placed in the right ventricle via the pulmonary artery, and programmed ventricular stimulation was carried out as described above. Volume-conducted ECGs were recorded, and stimulation was delivered as described above (8) . To induce ventricular arrhythmias, hearts were perfused with 0.1 M isoproterenol, allowed to equilibrate for 20 min, and then subjected to programmed electrical stimulation.
Spontaneous ECG Monitoring and HRV Analysis in Conscious Mice
Mice were anesthetized with 1.5% isoflurane. An ECG signal wireless radiofrequency transmitter was implanted in a subcutaneous pocket in WT and Akita mice of the indicated age, and data were recorded at a sample rate of 5,000 Hz with the use of a telemetry receiver and an analog-to-digital acquisition system (Data Sciences). The ECG signal was analyzed using custom-built software. Beat-tobeat HR data were computed, and artifacts and nonsinus beats were removed after manual review. Composite HR plots and average HRs and duration of bradycardia were computed as previously described (22) . For HRV analysis, R-wave detection and beat annotation were both manually reviewed as described above. All ectopic and postectopic beats and artifacts were removed and replaced with intervals interpolated from adjacent normal beats; segments were discarded where gaps accounted for Ͼ15% of the recording segment. Frequency-domain analysis was performed after construction of an instantaneous RR interval time series by resampling at 10 Hz. Power spectra of detrended 2-min segments were computed for frequency ranges of 0.5-1.5 Hz, designated as low-frequency (LF) power, and 1.5-5 Hz, designated as HF power. The HF fraction was computed as HF/(LF ϩ HF). HF power has been shown to predominantly result from the parasympathetic modulation of HR with a small sympathetic contribution, whereas LF power has been shown to result from both the sympathetic and parasympathetic modulation of HR (15, 27a) . HR and frequency-domain HRV parameters were computed for 2-min segments at the end of the baseline and propranolol phases where HR and frequency-domain parameters were relatively stationary and verified using Kalman smoothing and wavelet-based visualization in addition to fast Fourier transform-based spectrograms. Composite plots of the HF fraction were computed from fast Fourier transform power spectra over a 3-min sliding window of RR interval data, repeated every 10 s, and averaged to one HF fraction data point per minute per group (ϮSE). Given that ␤-adrenergic receptor inhibition blocks the sympathetic component of HRV, leaving the parasympathetic component relatively unopposed, we treated 13 mice with the ␤-adrenergic receptor blocker propranolol and computed the time course of the increase in the HF fraction after the injection of propranolol and computed the frequency-domain HRV parameters for 2-min segments at the end of the baseline and propranolol phases. The HF fraction increased from a mean of 39.65 Ϯ 1.8 before propranolol to 59.3 Ϯ 5.6% (n ϭ 13, P ϭ 0.008) at 15 min after propranolol, LF power decreased from 4.58 Ϯ 1.01 to 2.49 Ϯ 1.17 ϫ 10 Ϫ6 ms 2 /Hz (P ϭ 0.074), and HF power decreased was from 2.17 Ϯ 0.57 to 1.81 Ϯ 0.70 ϫ 10 Ϫ6 ms 2 /Hz (P ϭ 0.431). We further generated composite plots of the time course of the effect of propranolol on the HF fraction, LF power, HF power, and total power. The HF fraction increased with a time course similar to that for the decrease in LF power, whereas HF power decreased slightly (Fig. 1 ). Given that we compute the HF fraction as HF/(HF ϩ LF), these findings support the conclusion that the increase in the HF fraction in response to propranolol is primarily due to a decrease in LF power resulting from sympathetic blockade. Hence, the increase of the HF fraction in the response of the mouse heart to propranolol is due to the parasympathetic modulation of HR that is not affected by sympathetic blockade (27a) . In these experiments, we compared differences in the HF fraction after propranolol in WT and Akita mice and assessed the effect of pravastatin on parasympathetic dysfunction in the type 1 diabetic Akita mouse.
Statistical Analysis
Average values are expressed as means Ϯ SE. Statistical differences between mean values were calculated by independent sample Student's t-test or Mann-Whitney U-test as appropriate (two sided). Normal distribution assumptions were verified using the Shapiro-Wilk test. Cross-tabulation analyses were performed using likelihood ratio 2 -tests and Goodman and Kruskal -tests. P values of Ͻ0.05 were considered significant.
RESULTS
Induced Ventricular Arrhythmias in WT Versus Akita Mice
Comparison of electrocardiographic properties. Analysis of ECGs from WT and Akita mice demonstrated that HR as measured by sinus CL was not significantly different in WT and Akita mice. However, PR interval, QRS duration, QT interval, and QT c were significantly increased in Akita mice compared with WT mice (PR: 43.6 Ϯ 1.5 vs. 37.2 Ϯ 1.1 ms, P Ͻ 0.01; QRS: 19.9 Ϯ 0.6 vs. 16.1 Ϯ 0.5 ms, P Ͻ 0.001; QT: 58.6 Ϯ 3.2 vs. 46.9 Ϯ 1.49 ms, P Ͻ 0.01; and QT c : 50.7 Ϯ 1.7 vs. 39.7 Ϯ 1.2 ms, P Ͻ 0.001; Table 1 ). Increased QRS duration and QT interval have been shown to be associated with a predisposition to the development of ventricular arrhythmias (25, 26) .
The inducibility of VT is markedly increased in Akita mice compared with WT mice. We used programmed ventricular stimulation to compare the inducibility of VT in WT and Akita type 1 diabetic mice (Fig. 2) . Akita mice were significantly more vulnerable to VT (78.6%, 11 of 14 mice) compared with WT (28.6%, 4 of 14 mice, P ϭ 0.007; Fig. 3A) . The mean number of episodes of VT was 0.36 Ϯ 0.17 events/mouse in WT mice versus 10.5 Ϯ 3.47 events/mouse in Akita mice (P ϭ 0.001; Fig. 3B ). Furthermore, of the 4 inducible WT mice, 3 mice were inducible only with burst pacing, whereas 10 of 11 Akita mice developed VT in response to S 2 or S 3 , consistent with the increased predisposition of Akita mice to stimulation of VT (Table 2) . Finally, of the WT mice that developed VT, the longest run of VT was 4 -10 beats in 3 mice, and 1 mouse had a run of 11-30 beats. In contrast, six of the Akita mice had runs of 11-30 beats, and two mice had runs of Ͼ30 beats. These differences in the length and severity of VT were statistically significant (P ϭ 0.013 by likelihood ratio 2 -test and P ϭ 0.007 by Goodman and Kruskal -test; Fig. 3C ). Thus, among those WT mice that were inducible, only short runs of VT could be elicited by burst pacing, whereas Akita mice demonstrated more prolonged runs of VT at less intense levels of stimulation. Interestingly, inducible Akita mice demonstrated shorter VERP (31.3 Ϯ 1.7 ms) compared with noninducible Akita mice (41.6 Ϯ 0.8 ms, P ϭ 0.0035).
Optical Mapping of the Mechanism of Arrhythmogenesis of VT in the Akita Mouse
To elucidate the mechanism of ventricular arrhythmogenesis in the Akita mouse, we used optical mapping of isolated Langendorf-perfused hearts. Initially, Langendorf-perfused hearts from WT (n ϭ 6) and Akita (n ϭ 5) mice were found not to be inducible for VT in response to programmed ventricular stimulation. Although the in vivo experiments shown in Fig. 3 demonstrated the inducibility of VT in the Akita mouse heart, we (23) had previously demonstrated parasympathetic dysfunction in these mice. Given that denervated Langendorfperfused hearts lacked autonomic input, we determined whether excess unopposed sympathetic stimulation might predispose these hearts to the inducibility of VT. We compared the effect of perfusion of hearts with a solution 0.1 M isoproterenol on the inducibility of VT in hearts from WT and Akita mice. Five of five Akita mice were inducible for VT in response to burst pacing, with a mean average VT duration per mouse of 3.56 Ϯ 1.49 s, whereas three of six WT mice developed short runs of VT (P ϭ0.032 by likelihood ratio 2 -test), with an average duration of VT per mouse of 0.42 Ϯ 0.81 s (P ϭ 0.018 by Mann-Whitney U-test). These data suggested that the inducibility of VT in denervated Langendorf-perfused hearts from Akita mice was dependent on increased sympathetic stimulation.
For optical mapping experiments, hearts were perfused with 0.1 M isoproterenol, and VT was induced in response to burst pacing. The data shown in Fig. 4 are from a typical experiment. This heart demonstrated a VERP 100 of 40 ms, which decreased to 25 ms after continuous isoproterenol perfusion. VT was inducible 5 of 10 times in response to burst pacing at a CL of 25 ms (Fig. 4A) . Optical mapping from this heart is shown here as nine snapshots of epicardial fluorescence at the time of initiation of each beat during a run of VT. Initial breakthrough sites (denoted by asterisks) occurred at different locations on the right and left ventricular free wall and the apex (Fig. 4B) . The data shown in Fig. 5 demonstrated a similar pattern of multifocal breakthroughs, which occasionally gave rise to . This example shows a run of pacing-induced VT, which lasted for 1,854 ms. Programmed double extrastimulation (S1 at 100 ms ϫ 8, S2 at 35 ms ϫ 1, and S3 at 30 ms) induced VT that spontaneously terminated followed by a nonconducted P wave and conversion to normal sinus rhythm. short-lived, unstable rotors. Figure 5A shows snapshots at different times (numbers in top right corners) from the phase movie. The colors correspond to the phases of the action potential, as shown in Fig. 5B , with the black line denoting the upstroke of the action potential. In the first three snapshots, focal breakthroughs are coexistent with an unstable rotor whose tip trajectory (the location of the rotational center over time) is delineated in Fig. 5D . Subsequently, the rotor terminates, and a new breakthrough emerges at the apex (5th snapshot). Two beats later (7th snapshot), another unstable rotor is initiated (tip trajectory in Fig. 5E ). Subsequently (12th snapshot), the arrhythmia is maintained by multifocal discharges originating in the right and left ventricles. These data suggest a strong focal component in the initiation and maintenance of VT in this mouse model. Such epicardial breakthroughs are reminiscent of triggered activity at the level of the conduction system, as previously demonstrated by Cerrone et al. (8) , that successfully propagate, activating the ventricular wall and finally emerging as breakthroughs on the epicardium.
Effect of Pravastatin Treatment on Akita Mice: Pravastatin Treatment Decreases the Inducibility of VT in Akita Mice
Given retrospective studies (12, 16, 20, 28) suggesting that statins exert an antiarrhythmic effect on the heart and our previous data (30) demonstrating decreased ventricular ectopy in statin-treated patients, we determined the effect of pretreatment of Akita mice with pravastatin on the inducibility of VT. Pravastatin pretreatment of Akita mice (20 mg·kg Ϫ1 ·day Ϫ1 ip) had no effect on HR and PR interval but decreased QT interval from 58.8 Ϯ 2.6 ms in placebo-treated mice to 51.2 Ϯ 1.6 ms (P Ͻ 0.01) and QT c from 49.2 Ϯ 1.8 ms in placebo-treated mice to 42.9 Ϯ 1.3 ms (P Ͻ 0.01), partially reversing the increase in QT and QT c observed in untreated Akita mice (Table 1) . Interestingly, Akita mice pretreated with pravastatin were less inducible for VT (36.8%, 7 of 19 mice) compared with placebo-treated Akita mice, in which 75.0% (12 of 16 mice, P ϭ 0.022; Fig. 6A ) were inducible. Similarly, the mean number of episodes of VT in placebo-treated Akita mice was 9.81 Ϯ 2.63 versus 4.11 Ϯ 1.73 events/mouse for statin-treated Akita mice (P ϭ 0.041; Fig. 6B ). Finally, of the placebotreated mice that developed VT, the longest run of VT was 4 -10 beats in 4 mice, 3 mice had a run of 11-30 beats, and 5 mice had Ͼ30 beats. In contrast, one of the Pravastatin treated Akita mice had 4 -10 beats of VT, 4 had 11-30 beats and 2 mice had runs of Ͼ30 beats. These differences in the length and severity of VT were statistically significant (P ϭ 0.035 by Kruskal -test; Fig. 6C ). There was no difference in the level of stimulation required to elicit VT in these two groups ( Table 2) .
Effect of Pravastatin Treatment on HRV in Conscious Mice: Akita Mice Demonstrate a Decreased HF Fraction of HRV, Which Is Reversed by Pravastatin
To determine whether the inducibility of VT in the Akita mouse was associated with parasympathetic dysfunction and whether pretreatment with pravastatin reversed parasympathetic dysfunction, we computed the HF fraction of the HRV power spectrum [HF/(HF ϩ LF)] in WT and Akita mice. Given Shown are numbers of mice that developed ventricular tachycardia in response to the indicated stimulation. that ␤-adrenergic receptor inhibition blocks the sympathetic component of HRV, decreasing LF power and leaving the parasympathetic component relatively unopposed, we compared the increase in the HF fraction after the injection of the ␤-adrenergic receptor blocker propranolol in Akita and WT mice. The HF fraction measured 15 min after propranolol injection was significantly lower in Akita mice compared with WT mice (48.6 Ϯ 5.2% compared with 70.9 Ϯ 4.8%, respectively, n ϭ 10, P ϭ 0.005; Fig. 7A ). To further determine whether parasympathetic signaling was decreased in the Akita mouse, we compared the increase in HR in WT and Akita mice after parasympathetic blockade by the M 2 muscarinic receptor antagonist atropine. HR was recorded for 1 h before and after treatment with atropine (0.5 mg/kg). The mean HR in WT mice increased from 569 Ϯ 33.6 beats/min before atropine treatment to 740.3 Ϯ 13.7 beats/min after atropine, or 32.6 Ϯ 6.5% (n ϭ 8, P Ͻ 0.05). The mean HR in Akita mice increased from 589.5 Ϯ 8.6 to 689 Ϯ 6.5 beats/min, or 16.9 Ϯ 1.5% (n ϭ 8, P Ͻ 0.05; Fig. 7C ). Resting HRs were not different between WT and Akita mice. The percent increase in HR was significantly lower in Akita mice compared with WT mice (P ϭ 0.01), consistent with parasympathetic dysfunction in the Akita mouse.
To determine the effect of pravastatin on HRV, Akita mice were treated with either placebo or pravastatin, and the increase in the HF fraction in response to propranolol was determined. Fifteen minutes after propranolol injection, the HF fraction was significantly higher in pravastatin-treated Akita mice compared with placebo-treated Akita mice (71.0 Ϯ 2.7%, n ϭ 9, vs. 59.1 Ϯ 4.2%, n ϭ 8, respectively, P ϭ 0.027; Fig.  7A ). To further establish the difference in the HF fraction in placebo-versus pravastatin-treated Akita mice, we compared the time course of the increase in the HF fraction after the injection of propranolol in placebo-and pravastatin-treated Akita mice. The time course of the increase in the HF fraction was significantly faster and reached a higher level in pravastatin-treated mice (Fig. 7B) .
To further support the conclusion that pravastatin treatment of Akita mice increased parasympathetic signaling, we compared the increase in HR in Akita mice in response to atropine before and after pravastatin treatment. Mean resting HRs before and after pravastatin were not significantly different (550 Ϯ 32.4 and 596.7 Ϯ 13.5 beats/min, respectively). The mean HR increased by 101.5 Ϯ 13.46 beats/min, or 17 Ϯ 2.6%, before atropine treatment to 175.2 Ϯ 8.19 beats/min, or 34 Ϯ 4.0%, after atropine (n ϭ 4, P ϭ 0.009; Fig. 7D ). The difference in the percent change was also significant (P ϭ 0.016).
Effect of Pharmacological Alterations in Autonomic Balance in the Akita Mouse on the Inducibility of VT
Direct stimulation of the muscarinic receptor by carbamylcholine protects against the inducibility of VT in the Akita mouse. The finding of increased inducibility of VT and decreased HF fraction in Akita mice and the partial reversal of these findings by pravastatin were consistent with the hypothesis that parasympathetic dysfunction increases the inducibility of VT in Akita mice. To further test this hypothesis, we carried out programmed ventricular stimulation in Akita mice pretreated with the muscarinic agonist carbamylcholine. Two groups of Akita mice were treated with either 50 g/kg carbamylcholine or normal saline intraperitoneally. Mice were subjected to the standard protocol of S 1 , S 2 , and S 3 stimulation, which was completed in Ͻ55 min after injection with propranolol, and the surface ECG and intracardiac electrogram were recorded. Of the eight Akita mice treated with carbamylcholine, none were inducible, whereas of the eight mice pretreated with saline, six mice were inducible for VT and two mice were not (P ϭ 0.007; Fig. 8A ). The mean number of episodes of VT in saline-treated mice was 4.87 Ϯ 1.31 events/mouse compared with none in untreated Akita mice (P ϭ 0.007).
To determine whether a muscarinic antagonist might increase the incidence of inducible VT, we determined the effect of atropine on the inducibility of VT in WT mice in which Ͻ30% of mice were inducible. Four WT mice were treated with 0.5 mg/kg atropine intraperitoneally and subjected to programmed ventricular stimulation after 15 min. Three mice were not inducible, but the fourth mouse developed a single run of four beats of VT, consistent with the conclusion that atropine had little effect on the inducibility of VT. One possible explanation for these findings is that isoflurane and many other general anesthetics have been shown to blunt sympathetic responses in the heart (9). This conclusion was supported by the finding that in the presence of isoflurane anesthesia, atropine had no effect on resting HR while resting HR decreased from 588.1 Ϯ 9.4 beats/min in conscious mice (n ϭ 8) to 447.1 Ϯ 10.8 beats/min in mice treated with 2.0% isoflurane (n ϭ 14, P Ͻ 0.001) to 410 Ϯ 10.18 beats/min in mice treated with 2.5% isoflurane (n ϭ 12, P Ͻ 0.05 compared with the 2.0% isoflurane-treated group). To determine the effect of isoflurane on the inducibility of VT, we compared the response of mice treated with either 2% or 2.5% isoflurane to programmed ventricular stimulation. At 2% isoflurane, 10 of 10 male Akita mice were inducible for VT in response to extrastimulation, whereas at 2.5% isoflurane, 4 of 7 mice were inducible (P ϭ 0.012 by likelihood ratio 2 -test); 2 of these mice had only short runs of VT and only in response to burst pacing. The decrease in both resting HR and the inducibility of VT in response to isoflurane anesthesia are consistent with the conclusion that isoflurane suppresses the inducibility of VT via the inhibition of sympathetic stimulation of the heart and further supports the conclusion that excess sympathetic input in the Akita heart predisposes the mouse to inducible VT.
Inhibition of ␤-adrenergic receptors by propranolol decreases the inducibility of VT in the Akita mouse. If autonomic imbalance plays a role in the inducibility of VT in the Akita mouse and isoflurane suppresses inducibility via interference with sympathetic stimulation, then inhibition of sympathetic input by the ␤-adrenergic receptor blocker propranolol should also decrease the incidence of VT. The inducibility of VT was compared before and after injection of propranolol (1 mg/kg) in four Akita mice. All four mice were inducible for VT before propranolol. After injection, HR decreased by 19 Ϯ 3.5% from 402 Ϯ 22 to 325 Ϯ 18 beats/min (P Ͻ 0.021), and three of four mice were not inducible for VT (Fig. 8B) .
DISCUSSION
The present experiments demonstrate that type 1 diabetes in the Akita mouse is associated with both the inducibility of VT and a significantly reduced parasympathetic component of HRV, both of which are risk factors for cardiovascular disease and sudden death. Up to 80% of C57/BL6 mice with the Akita mutation were inducible for VT compared with up to 30% of WT littermates. More importantly, the mean number of events/ mouse was nearly 30 times higher in Akita mice compared with WT mice, and VT in WT mice was limited to runs of 4 -10 beats compared with Akita mice, which demonstrated runs of 11-30 or Ͼ30 beats. We further demonstrated that Akita mice not only had a decrease in the HR response to parasympathetic stimulation, as previously reported (23), but also demonstrated a decreased HF component of the HRV power spectrum as measured by the HF fraction. This parasympathetic dysfunction was further demonstrated by the finding that the increase in HR in response to inhibition of the muscarinic receptor with atropine was significantly greater in WT mice compared with Akita mice. We (30) have previously presented data that suggested that patients treated with pravastatin appeared to demonstrate decreased ventricular irritability in parallel with an increase in parasympathetic responsiveness. Here, we demonstrated that pravastatin not only decreased the inducibility of VT but also markedly decreased the mean number of events per mouse and the severity of VTs. Interestingly, pravastatin treatment of Akita mice also significantly increased the HF fraction compared with placebo treatment and significantly increased the HR response to atropine treatment, suggesting that the reversal of the parasympathetic dysfunction in the diabetic heart in response to pravastatin might play a role in the decreased inducibility of VT. Although HRV reflects the response of the heart to autonomic input from the central nervous system via vagal and sympathetic nerves, the role of autonomic imbalance in the inducibility of VT in the Akita mouse was further supported by the finding that treatment of the Akita mouse with carbamylcholine, which directly activates the parasympathetic response at the level of the M 2 muscarinic receptor in the heart muscle, thus bypassing vagal innervation (23) , protected the heart from the inducibility of VT. Furthermore, ␤-adrenergic blockade of sympathetic input to the heart by propranolol also attenuated the inducibility of VT in the Akita mouse. These data support the conclusion that autonomic imbalance in the Akita diabetic heart might play a role in the predisposition to VT and that pravastatin protects the heart from the inducibility of VT by increasing parasympathetic function.
We and others (10, 23) have demonstrated that Akita type 1 diabetic mice develop secondary effects of diabetes, including abnormalities of nerve conduction and the parasympathetic dysfunction of diabetic autonomic neuropathy. The increased incidence of sudden death in the diabetic population and data supporting the protective effect of parasympathetic stimulation from the development of ventricular arrhythmias (11, 25) suggested that diabetics with parasympathetic dysfunction might have a predisposition to the development of VT. To test this hypothesis in an animal model, we studied the effect of programmed ventricular stimulation in type 1 diabetic Akita mice, which, as we (23) have previously demonstrated, have parasympathetic dysfunction, as measured by a blunted HR response to carbamylcholine. The inducibility of VT in WT mice has been previously demonstrated in 2-40% of mice depending on strain, with C57/BL6 mice being the least inducible (2%) and FVB mice the most prone to inducibility (43%) (14, 19) . Hence, the finding of close to 80% inducibility in the C57/BL6 Akita mouse was highly significant. We (23) have previously demonstrated that there were no significant differences in pH, PCO 2 , electrolytes, anion gap, and left ventricular function between Akita and WT mice. We further demonstrated that there were no significant differences in left ventricular dimensions and left ventricular function in Akita and WT mice, thus ruling out the possibility that differences in Fig. 7 . Comparison of the HFF of HR variability in WT and Akita mice and in placebo-and pravastatin-treated Akita mice. ECG was monitored in male mice as described in MATERIALS AND METHODS. Four days after mice had recovered from surgery, HR was recorded continuously from 5 min before the injection of 1 mg/kg propranolol for 20 min. ECG transmitters were implanted in a second set of Akita mice, and the HR response to atropine was determined before and after treatment with placebo or 20 mg/kg pravastatin for 7 days. A: quantitation of HFF at 15-20 min after propranolol injection in WT mice (70.9 Ϯ 4.8%), Akita mice (48.6 Ϯ 5.2%, n ϭ 10, *P ϭ 0.005), placebo-treated Akita mice (59.1 Ϯ 4.2%, n ϭ 8), and pravastatin-treated Akita mice (71.0 Ϯ 2.7%, n ϭ 9, #P ϭ 0.027). There was no significant difference in HFF between Akita and placebo-treated Akita mice. Baseline HFF was not significantly different in the two groups. B: comparison of group-wise averaged (ϮSE) composite plots of HFF before and over the time course of the propranolol phase in placebo-and pravastatin-treated Akita mice. *P Ͻ 0.01. C: relative increase in HR in WT and Akita mice in response to muscarinic inhibition with atropine. *P ϭ 0.01. Statistical comparisons were carried out using Student's t-test. D: relative increased in the HR response to atropine before and after pravastatin treatment. *P ϭ 0.016. Statistical comparisons were carried out using a paired t-test. Results are reported as means Ϯ SE. inducibility might be due to metabolic abnormalities and impaired left ventricular function in Akita mice.
We have previously demonstrated that pravastatin treatment decreased the incidence of premature ventricular contractions, couplets, and short runs of nonsustained VT in a population of subjects with otherwise structurally normal hearts who demonstrated lipid profiles and risk factors that met the criteria for statin therapy. This decrease in spontaneous ventricular arrhythmias correlated with an increase in parasympathetic modulation of HR, as measured by changes in the peak HF fraction. While the spontaneous occurrence of premature ventricular contractions, couplets, and short runs of nonsustained VT in a structurally normal heart lack prognostic significance, it does reflect the level of excitability of the ventricle (18) . The finding that pravastatin treatment of the Akita mouse markedly decreased the inducibility of VT while increasing parasympathetic responsiveness as measured by the HF fraction of HRV further supported the hypothesis that pravastatin might decrease excitability via an effect on the parasympathetic response of the heart. Several retrospective studies (20, 28) have suggested that statins might exert an antiarrhythmic effect on the heart. The Multicenter Autonomic Defibrillator Implantation Trial II demonstrated that statin use in patients with implantable cardioverter-defibrillators was associated with a decrease in the end points of VT or ventricular fibrillation or cardiac death (28) . In a group of 78 patients with coronary artery disease and ventricular arrhythmias treated with implantable cardioverter-defibrillators, 22% of the patients treated with lipid-lowering drugs had a recurrence of arrhythmia compared with 57% of patients not treated with lipid-lowering drugs (12) . The interpretation of these studies is complicated by the presence of ischemic heart disease in the patient population. However, the Defibrillators in Nonischemic Cardiomyopathy Treatment Evaluation study (16) suggested that statin use was associated with a 78% decrease in mortality, which was due in part to a reduction in arrhythmic death.
Optical mapping of the mechanism for the development of inducible VT in the type 1 diabetic Akita heart demonstrated that the VTs originated predominately as focal discharges, with initial breakthrough sites occurring at different locations on the right and left ventricular free walls and the apex. These focal discharges occasionally gave rise to unstable rotors, which also suggested that VT in the Akita mouse heart might be maintained by interplay between focal discharges and unstable rotors. These epicardial breakthroughs could result from propagated triggered activity in the conduction system, which successfully activates the ventricles and finally emerges as breakthroughs on the epicardium, as previously described (8) . Furthermore, experimental and numerical simulations (3, 8, 29) have shown that VT resulting from triggered activity is mainly focal and involves the specialized conduction system as the initial site of initiation due to the cable-like structure of the His-Purkinje system. This cable-like geometry would necessarily lead to a smaller electrical load on Purkinje cells compared with ventricular myocytes in the three-dimensional myocardium. The smaller sink to source mismatch of Purkinje fibers would increase the safety of propagation of a triggered beat compared with the working myocardium. The Purkinje system has been shown to be innervated by both sympathetic and parasympathetic neurons (31) . We (23) have previously demonstrated a marked decrease in the ACh-sensitive inward rectifier K ϩ current in atrial myocytes from the Akita mouse. Such an abnormality of the ACh-sensitive inward rectifier K ϩ current in the Purkinje system could result in a decrease in resting membrane potential, facilitating the occurrence of triggered activity and therefore predisposing to the initiation of VT.
The increased QRS duration and QT intervals in the Akita versus WT mouse might play a role in the predisposition to arrhythmias. This conclusion is further supported by the finding that pravastatin treatment, which attenuated the inducibility of VT and reversed the abnormality of HRV, partially decreased QT interval and had a small effect on QRS duration. Data from several sources (13, 24 -26) support the conclusion that parasympathetic stimulation protects the heart from arrhythmia in both a canine model for ventricular pacing after myocardial infarcion and in studies in which parasympathetic responsiveness in rats was attenuated by chronic treatment with carbamylcholine or pertusiss toxin. Isolated papillary muscles from these rats demonstrated marked sensitization to the arrhythmogenic effects of isoproterenol or forskolin. Further elucidation of the mechanism by which pravastatin protects the heart from the induction of VT should offer new therapeutic targets in the treatment and prevention of arrhythmias and sudden death in the diabetic population. A: mice were pretreated for 10 min with either placebo or carbamylcholine followed by programmed ventricular stimulation, and the inducibility of VT was determined. Whereas six of eight placebo-treated Akita mice were inducible for VT, none of the eight carbamylcholine-treated Akita mice were inducible (P ϭ 0.007). B: the inducibility of VT in four Akita mice was determined, followed by the injection of 1 mg/kg propranolol, and programmed ventricular stimulation was repeated.
